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Abstract 
 
After Nobel Prize winning discovery of graphene in physics in 2004, two-dimensional structure grew 
rapidly due to outstanding thermal, physical, and electronic properties. Especially, two-dimensional 
nanoporous crystalline polymers (2D NPC) were concentrated due to their interesting robust structure, 
flexibility, and high surface area. Zeolite and metal organic frameworks (MOFs) as typical NPC have 
been studied showing huge potential in gas storage, catalyst, and electronic devices. However, the 
metallic source causes a drop of efficiency and durability as well as high cost. Hence, covalent 
organic frameworks (COFs) composed of organic component came to the forefront again. Most 
pristine 2D COFs synthesized so far with sp3 bond are sensitive to moisture and high temperature. 
Therefore, we synthesized holey-polybenzimidazole (HPBI) which is well-matched with theoretical 
structure via condensation reaction using two types of amino benzenes as monomer. Based on the 
hole size, they show different surface properties and band gap. 
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I. Introduction 
During few decades, two dimensional crystal (or two dimensional framework) was thought that it is 
impossible to exist alone and thermodynamically unstable by many scientists. However, prof. Geim 
and Novoselov isolated graphene, a kind of carbon allotrope, with experimental observations in 2004. 
Graphene is a basic building block with graphitic structure and flat monolayer of carbon atoms tightly 
packed into a two-dimensional (2D) honeycomb lattice.1 Because of the outstanding in plane electrical 
properties of graphene which include high electron mobility (~200,000 cm2/Vs in freestanding 
graphene) and electrical conductivity (~8×105 S/cm), it have been concentrated on various application 
such as supercapacitors, batteries, fuel cells and sensors.2 This attraction of graphene as a new 
material doubled the interest in new 2D crystalline polymer included hetero atoms like nitrogen, 
oxygen and sulfur along with carbon in the two-dimensional frameworks. Crystalline polymer is 
defined as one- or two-dimensional order leads to mesophase structure with the range of order is from 
2 nm to 50 nm in one crystallographic direction.3 Nano-porous crystalline (NPC) materials are more 
concentrated especially among such crystalline polymers, as these materials have extreme structural 
robustness and flexibility, large pore volumes and surface area. NPCs are also considered valuable in 
gas storage, adsorption-based gas/vapor separation, shape/size-selective catalysis, drug storage and 
delivery by specific variety of properties. NPCs were classified by pore size less than 100 nm over the 
surface; 1) micropores within 2 nm pore size, 2) mesopores with between 2 nm and 50 nm pore size 
and 3) macropores up to 50 nm pore size.4  
Among the different kinds of NPCs, zeolites are popular and occupied large area as crystalline 
inorganic polymers composed of SiO4 and AlO4 tetrahedral with connection of oxygen atoms liked 
neighboring tetrahedral. In the zeolites, the negative charges on the frame are balanced by the positive 
charge of alkali and alkali earth cations located at material’s pores.5 Unique activity of zeolites is 
determined from brönsted acid sites and active metal-phase, also selectivity is changed by shape and 
size of the micropores. Depending on the variety of pore size or structures show unique properties, 
there are many kinds of zeolites such as silicalite, ZSM-5, TS-1, Zeolites X, Y, A and beta. For 
example, Figure 1 shows the structure of zeolite A with pore definitions.6 When we call n-rings of a 
polyhedral pore to windows, we define cage has too narrow windows to pass through by guest species 
larger than water (Figure 1a). On the contrary, a pore is called cavities when it is enough to be 
penetrated by guest species with limitation of size (Figure 1b) and it is called channels when it is 
possible to extend infinitely in one dimension (Figure 1c). Finally, effective channel width is generally 
described smallest n-ring or free aperture along the dimension of infinite extension (Figure 1d). 
Despite the various porosity in structure and suitable properties to apply catalysis, the existing study 
reaches the limitation due to low diffusion rate of guest species by narrow microporous frameworks. 
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Figure 1. Structures of zeolite A with a kind of pore; a) the cage, b) the  -cavity, c) the three 
dimensional channel, and d) effective channel width. 
 
Therefore, many attempts have been extended to solve such problems until now many scientists like a 
prof. Ryoo et al. who published crystalline aluminosilicate frameworks having strong acidity to 
improved catalytic activities recently.7 
Another example of nanoporous materials is metal-organic frameworks (MOFs) which are 
coordination of organic ligands with metal ions or clusters.8 After 1990’s, many scientists have been 
studying about the unique structure and properties of MOFs. Prof. Yaghi and co-works developed the 
permanent porosity with identical pore volume of 0.64-0.54 cm3/cm3 for adsorbates in high surface 
area of about 2900 m2/g (Figure 2) .9  
 
Figure 2. Architecture of the MOF-5 composed an yellow sphere of diameter 18.5 A which is covered 
by eight clusters. 
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Prof. Lin’s group has also  studied about catalytic application of MOFs by using chiral bridging 
ligands inside a porous MOF as catalytic site.10 With the passage of time, MOFs have shown 
outstanding structural, optical, catalytic properties as well as robust structure and flexibility.  
Despite strengths of the various nanoporous materials, the porous organic framework formed by metal 
is unstable at high temperature or under water-based environment. Covalent organic frameworks 
(COFs), are suggested to be new material by polymer scientists, in COFs all the connected 
components are attached by a covalent bond that is strong and stable compared with coordinated bond 
in MOFs and zeolites. Furthermore, COFs are based on diverse organic and polymeric synthesis and 
then, we can produce two- and three-dimensional compounds easily by controlling the organic 
reactions. A typical COFs is boron based polymer that easily can get via concentrated reaction. 
According to monomer’s shape, the resultant polymers have different hole size and structures; for 
examples COF-1 was synthesized from diboronic acid with pore size 15 Å unlike COF-5 from 
diboronic acid and hexahydroxy triphenylene with pore size 27 Å.11 Beside this, there are many 
functional groups, such as boronate ester or anhydride, imide, imidazole, which are synthesized by 
same process like boronate ester or anhydride. Especially, imidazole was concentrated because it is 
strong conjugated bonding between component compare with single and sensitive bond of boron 
based COFs and it is prepared by convenient synthesis process very efficiently. Up to now, a lot of 
studies about imidazole have been done one-, two- and three dimensional areas12 but polyimidazole 
based polymer having regular hole are not yet well-known. 
Herein, we prepared imidazole-based 2D covalent organic frameworks with regular holes, called 
holey-polybenzimidazoles (HPBIs). The structure of HPBIs has characteristic robust framework and 
flexibility of nanoporous materials in addition to stability by all-conjugated system along the 2D 
dimension. Based on amine monomer, hole size is different and the reactants are divided into HPBI-T 
(from 1,2,4,5-tetraaminobenzene) and HPBI-H (from hexaaminobenzene). We expected different 
properties between HPBI-T and –H; 1) gas absorption ability, 2) size of band gap. It is evidence from 
different gas absorption ability that Yaghi’s group has reported that various hole size leads to trendy 
absorbance of hydrogen, methane, and carbon dioxide, respectively.13 Moreover, graphene like 
structure shows prominent electrical property with band gap due to interruption of electron’s 
movement by regularly located hole in the structure. 
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II. Experimental section 
2.1 Materials 
Hexaaminobenzene was prepared according to the literature, reported by our own group.14 Other 
solvent and reagents were purchased from Aldrich Chemical Inc. 1,3-dichlorobenzene (113808), Pd/C 
10% (75990), Polyphosphoric acid (208213), HCl 37 % (4335570). Sulfuric acid 95 % was purchased 
from OCI Co. Ltd. Celite 545 (C03440) and Ethylene glycol 99.5 % was provided by Samchun Pure 
Chemical Co., LTD. Ammonia gas 99.999% was purchased from Korea Specialty & Electronic 
Materials Co., LTD. 
 
2.2 Instrumentations 
Elemental analysis (EA) was measured with Thermo Scientific Flash 2000. Fourier transform infrared 
(FT-IR) spectra were obtained by Perkin-Elmer Spectrum 100 using KBr disks. X-Ray diffraction 
(XRD) patterns were analyzed by a Rigaku D/MAZX2500V/PC with Cu-K α  radiation. 
Themogravimetric analysis (TGA) was recorded on a TA Q200 (TA instrument) under air and 
nitrogen at a heating rate of 10 °C/min. UV-vis spectra were recorded on a Perkin-Elmer Lambda 35 
UV-Vis spectrometer. The field emission scanning electron microscopy (FE-SEM) was obtained by 
FEI Nanonova 230. 1H-NMR spectrum was recorded on a FT-NMR 600 MHz VNMRS 600 (Varian, 
USA) spectrometer. The surface area was taken by nitrogen adsorption-desorption isotherms using 
Brunauer-Emmett-Teller (BET) method on Micromeritics ASAP 2504N. Cyclic voltammetry (CV) 
measurements were performed using a computer-controlled potentiostat (CHI 760 C, CH instrument) 
in a standard three-electrode cell. 
 
2.3 Preparation of 1,5-dichloro-2,4-dinitrobenzene 
m-Dichlorobenzene (50 g, 0.34 mol) was put with sulfuric acid (50 mL, H2SO4) in three-necked round 
flask under nitrogen atmosphere and was stirred until become homogeneous mixture. The exceed 
potassium nitrate (100 g, 0.98 mol) was added drop wise slowly into well-mixed solution at room 
temperature. The temperature was increased automatically until 110 °C because nitration is 
exothermic reaction. After dropping was completed, the transparent solution kept stirred at 130 °C for 
1 h and was cooled down at 90 °C to precipitate from ice water. The precipitation was collected by 
suction filtration, vacuum-dried and recrystallized into yellow needle crystal from boiling ethanol to 
give 65.65 g (81.5 % yield) of 1,5-dichloro-2,4-dinitrobenzene. 
 
2.4 Preparation of 1,5-diamino-2,4-dinitrobenzene 
In round-bottom flask, 1,5-dichloro-4,6-dinitrobenzene (25 g, 0.11 mol) was stirred in 180 mL of 
ethylene glycol at 140 °C until mixture became clear light-yellow solution. Ammonia gas was 
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bubbled at a regular rate to absorb into solution enough. Within 5 min, the color of solution was 
changed to deep red and, then the orange colored powder was precipitated out from the reaction 
mixture. The resultant was filtered with hot ethanol and water in several times to purify the compound 
having poor solubility. The yield was 18 g (83 %) with orange powder after dried at 80 °C under 
vacuum. 
 
2.5 Preparation of 1,2,4,5-tetraaminobenzene (TAB) 
TAB (5.0 g, 0.025 mol) was synthesized by reduction in a high-pressure hydrogenation bottle with 10 % 
Pd/C (0.67 g) and 300mL of 5 % hydrochloride (5 v/v % HCl) as a solvent. The reaction flask was 
placed tightly in hydrogenation apparatus and filled out hydrogen (H2, 4.5 bar) for 3days until the 
orange colored precursor disappeared completely. The resultant solution was filtered into concentrated 
HCl (conc. HCl or 37% HCl) located bottom under reduced pressure over celite to eliminate the Pd/C 
catalyst. The obtained powder was recrystallized with water/conc.HCl mixture as solvent under 
nitrogen (N2) to prevent oxidation of amine. Final product was whitish small crystal to afford 4.5223 g 
(63.2 %). 
 
2.6 Synthesis of Holey-polybenzimidazole from TAB (HPBI-T) 
Holey-polybenzimidazole from TAB was prepared using TAB and trimesic acid (or 1,3,5-
benzenetricarboxylic acid, TCB) as monomer in 30 g of polyphosphoric acid (PPA, 83 % P2O5 assay) 
in resin flask under nitrogen atmosphere with a high torque mechanical stirrer. In first step, TAB (2.0 
g, 0.007 mol) was mechanically stirred in PPA at room temperature (R.T), 40 °C and 60 °C for 24 h, 
12 h and 12 h, respectively, to completely remove the grabbed HCl in the TAB molecules. The light 
and transparent brown medium was cooled down at R.T after getting rid of the HCl perfectly and 
trimesic acid (1 g, 0.005 mol) was added one portion into flask. Then, the temperature was increased 
to 100 °C and 150 °C for 4 h and 24 h to make the homogeneous medium and polyamide as 
transition state before formation of polybenzimidazole. Ring closure of imidazole, the reddish brown 
medium kept at 180 °C for 2 h until it became dark brownish gel-like resultant due to high molecular 
weight. The resultant was precipitated in D.I water and extracted with water in Soxhlet for 2 days and 
methanol for 3 days to purify from acidic solvent and unreacted monomer as well as small molecular 
impurities. The brownish final compound was obtained by freeze drying at -120 °C under reduced 
pressure to afford 1.4123 g (92.5 %). 
 
2.7 Synthesis of Holey-polybenzimidazole from HAB (HPBI-H) 
For synthesis of holey-polybenzimidazole from 1,2,3,4,5,6-Hexaaminobenzene (HAB) , HAB was 
placed with a high torque mechanical stir with PPA as a solvent in resin flask under nitrogen inlet and 
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outlet. To remove the HCl which is used for reducing the amine reactivity, the medium was stirred at 
R.T and 50 °C for 12 h and 12 h until the color of mixture became transparent blue. After prior step 
was completed, the trimesic acid (0.76 g, 0.0036 mol) was put in the cold flask and, then the flask was 
heated up at 100 °C, 150 °C and 180 °C for 2 h, 24 h and 6h. The color was darker and darker with 
the course of time during reaction before high viscosity occurred. The medium have high viscosity at 
180 °C after 5h at the same time forming high molecular weight. Then, the black resultant was 
poured into the D.I water to make the precipitation and washed using Soxhlet extractor with water and 
methanol for 2 and 3days, respectively. The black product was freeze dried under low pressure with 
yield of 1.0742 g (97.42 %). 
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III. Results and Discussion 
3.1 Synthesis of 1,2,4,5-tetraaminobenzene (TAB) 
To synthesize the two-dimensional structure of HPBIs with hexagonal hole topology, we prepared 
1,2,4,5-tetraamino benzene (TAB) as monomer which has tetra-substitution. TAB was well known 
compounds in linear polybenzimidazole from 1960’s to now.15 The free amino groups easily oxidized 
with change of whitish color to brown or black by oxygen from air or moisture due to high reactivity. 
As a result, the TAB was handled carefully during purification process under concentrated 
hydrochloride (37% HCl, conc. HCl) condition to protect amino group by forming HCl salt.  
We prepared highly pure TAB according to routine three steps using m-dichlorobenzene as starting 
precursor (Scheme 1). 1,5-dichloro-2,4-dinitrobenzene, as a intermediate compound, was synthesized 
via nitration method which is dropping of potassium nitrate slowly to m-dichlorobenzene in sulfuric 
acid at 130 °C. The sample was precipitated in ice on the score of high thermal emission and 
recrystallized to yellow needles by boiling 95% ethanol (Figure 1a). From 1H-NMR in dimethyl 
sulfoxide-d6 (DMSO-d6) in figure 1d, single two signals at 8.45 and 8.97 ppm indicated the proton 
between chloride and nitro group, respectively.  
The prepared 1,5-dichloro-2,4-dinitrobenzene was dissolved in ethylene glycol at 140 °C and then, 
ammonia gas from tank was bubbled into the homogeneous light yellow solution. After short times, 
within 1 hour, the orange colored powder was precipitated from the reaction mixture. It was  not 
possible to recrystallization to improve the purity because of its poor solubility in various solvent. 
Therefore, we washed out the orange colored product with hot water and ethanol in several time to 
remove the ethylene glycol and precursor completely. The well-defined structure of 1,5-dinitro-2,4-
dinitrobenzene was proven clearly by 1H-NMR in DMSO-d6 with distinct three signals (Figure 1e); 
δ =	8.86 (1H between dinitro group), 7.62 (4H of amino group) and 6.14 (1H between diamino 
group). 
In final step, the 1,5-dinitro-2,4-diaminobenzene was converted to 1,2,4,5-tetraaminobenzene via 
convenient and simple reduction method under high-pressure hydrogenation with a palladium 
charcoal (Pd/C) catalyst in diluted HCl (5 v/v % using water). The formed TAB was dissolved into 
solvent during the reduction unlike precursor which has poor solubility and the color of solution 
became transparent. After keeping the solution for 3days until the reaction was completely reduced, 
the solution was filtered with conc. HCl in bottom of filtration so that the white precipitation was 
obtained directly. The gained white powder was purified from water and conc. HCl under nitrogen. 
We tried to measure the NMR to identify TAB structure but it is hard to deduce result clearly due to 
poor stability of amine. As such a result, we investigated a molecular mass thorough checking using 
the direct insertion probe (DIP)-Mass and an elemental analysis. The TAB not only has exactly same 
value with theoretical mass of 138 m/z without HCl but has side peak such as [M-H]+ of 137 m/z and 
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[M+H]+ of 139 m/z. Also, the well-matched quantitative and qualitative value was shown within error 
range of 0.08 % compared with calculated value by stable TAB forming HCl salt structure in carbon 
contents by EA. We can apply the highly purified TAB as monomer and precursor to various 
syntheses like a polybenzimidazole.  
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Scheme 1. The scheme of 1,5-dichloro-2,4-dinitrobenzene, 1,5-diamino-2,4-dinitrobenzene and 
1,2,4,5-tetraaminobenzene (TAB) in order from upside. 
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Figure 21. Photographs of; a) 1,5-dichloro-2,4-dinitrobenzene after recrystallization, b) 1,5-diamino-
2,4-dinitrobenzene with washign process to remove the impurities completely, and c) recrystalized 
TAB. 1H-NMR spectra of; d) 1,5-dichloro-2,4-dinitrobenzene and e) 1,5-diamino-2,4-dinitrobenzene. 
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Figure 22. Dip-mass spectra of TAB in H2O as a solvent. 
 
 
 
 
 
Table 1. EA of purified TAB. 
Element C N H Cl Sum 
Cald. (wt.%)a 25.37 19.73 4.97 49.93 100 
EA 25.35 20.02 4.80 49.83a 100 
a Quantitative value theoretically of 1,2,4,5-tetraaminobenzene tetrahydrochloride. 
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3.2 Polybenzimidazole 
Benzimidazole (BI) was prepared from the reaction between diaminobenzenes and carbonyl-
containing compounds. The structure of BI is merged benzene ring with aromatic five-membered ring 
containing tertiary nitrogen and imino group. Using variety amine and carbonyl compounds, we can 
produce polybenzimidazole (PBI) by condensation reaction. Because PBI is well-known compounds 
having high thermal and chemical stability, it can apply many applications such as acid-base catalyst, 
bio drug system, fuel cell membrane. In scheme 2, C-N covalent bond is quickly generated after 
removing hydroxyl group by acid alongside escaping water. Since then polyamide group was formed, 
the ring closure was happened at around 170-200 °C for few hour.  
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Scheme 2. The common mechanism of benzimidazole compounds. 
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3.3 Synthesis of Holey-polybenzimidazole 
Holey-polybenzimidazole was synthesized form TAB (HPBI-T) with trimesic acid (or 1,3,5-
benzenetricarboxylic acid, TCB) in PPA medium (Figure 5a). The resultant structure is presented 
hexagonal holey-topology caused by tri- and di-substituted monomer having 2.16 nm as hole to hole 
distance. Furthermore, all conjugation system by sp2 bonding of benzene and imidazole ring give 
cause for high stability from Huckel’s rule 16 and specific electrical properties. Figure 5b and c are 
shown the two-dimensional planner structure like graphene at the minimum energy state by 
simulation.  
To produce the HPBI-T, TAB was putted in resin flask with mechanical stir and then stirred stepwise 
(Figure 6a). Amino groups were blocked by hydrochloric acid (HCl) to protect oxidation from oxygen 
in water or air. Therefore, we have to stir at low temperature enough to remove HCl completely. After 
removing HCl completely, TCB was added to medium carefully under nitrogen (Figure 6b) and then 
temperature was raised to 150 °C for 24 h to builds up amide form. According to the stoichiometric 
amount of imidazole, molar ration between TAB and TCB is 3 to 2. The color of medium is darker 
and darker during reaction because conjugation is increased by condensation reaction. Further heating 
to 180 °C leads to gel-like reaction mixture dramatically by high viscosity which is occurred from 
high molecular weight of imidazole after ring closure and rigidness (Figure 6c). After pouring the 
reaction mixture in the distilled water (D.I water), and filtration the product obtained was dark brown 
powder. Then, the brown precipitation was washed in soxhlet extractor with methanol and D.I water 
for 5 days to eliminate the low molar mass impurities and solvent. Final product was obtained after 
freeze drying up to yield 92.5 % (Figure 6d). 
Also, holey-polybenzimidazole from HAB (HPBI-H) was prepared by similar condensation reaction 
with HPBI-T. In the resin flask with mechanical stir, the HAB was located in PPA under nitrogen and 
stirred slowly at low temperature to avoid decomposition of amine by high temperature (Figure 8a). 
During stirring, the HCl attached to amine molecules of comes out thorough the nitrogen outlet with 
nitrogen gas. The TCB with molar ration 1 to 1was inserted in one portion into the light blue medium 
which is changed from initial pinkish white (Figure 8b). Next step, the flask was heated up at 100 °C, 
150 °C and 180 °C so that the homogeneous mixture was prepared, polyamide was synthesized as 
precursor of imidazole compound and ring closure occurred at specific temperature. After 5h at 180 
°C, the viscosity was shown suddenly because the polymer has high molecular weight after critical 
time (Figure 8c). The black product (Figure 8d) obtained afforded 97.42 % through washing and 
drying process that comes up HPBI-T reaction. 
The HPBI-H which is produced from a series of reaction step has smaller hole to hole distance of 0.9 
nm than HPBI-T and different color (Brown: HPBI-T, Black: HPBI-H). However, HPBI-H also have 
2D structure at minimum energy by simulation without distortion which can happen from closed 
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component in one unit cell although it has small hole. The different hole size leads to different 
properties like following results (Specific surface area, band gap). Similar results show from Yaghi’s 
group that the diverse structure based on boron based COFs has different hole size and it influenced 
the gas absorption ability without reference to various gas.13 Because HPBIs have a lot of nitrogen 
component in the imidazole ring, we can apply many applications such as catalyst, sensor, and 
electronic devices. For example, nitrogen has ability withdrawing electron by electronegativity of 3.0 
from Pauling scale and it can act as active area for reaction. We can confirm this argument thorough 
the antecedent study. Prof. Dai and co-workers studied about n-doped graphene (typical 2D material 
doped nitrogen) having high electro catalytic ability compared with graphene and platinum catalyst in 
oxygen reduction reaction (ORR).17 
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Figure 23. The structure of Holey-polybenzimidazole from Tetraaminobenzene (HPBI-Tetra). a) 
Schematic representation of the condensation reaction between hexaaminobenzene and tricarboxylic 
acid in PPA. b-c) 3D structure of repeating unit with planner structure at minimum energy. 
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Figure 24. a) 1,2,4,5-tetraaminobenzene (TAB) in PPA before removing hydrochloric acid (HCl). b) 
addition of trimesic acid. c) d) Final product. 
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Figure 25. The structure of Holey-polybenzimidazole from hexaaminobenzene(HPBI-Hexa). a) the 
condensation reaction between hexaaminobenzene and tricarboxylic acid in PPA. b-c) 3D structure of 
repeating unit with planner structure at minimum energy. 
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Figure 26. The optical images; a) Hexaaminobenzene in PPA at room temperature, b) Changing of 
color to light blue and addition of trimesic acid after removing HCl, c) high viscosity of black final 
product, d) black powdered resultant of HPBI-H. 
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3.4 Elemental analysis 
The quantitative value of HPBI was measured experimentally by elemental analysis (EA) and energy-
dispersive X-ray spectroscopy (EDX) in scanning electron microscope (SEM) (Table 2 and 3). In all 
EDX data, phosphorus contents, appeared at 201.3 eV, from PPA is not shown and it prove the solvent 
is completely removed during washing process (insert graph in figure 14a and 16a).  
Table 2 and 3 indicated contents of HPBI-T and HPBI-H respectively and both carbon content are 
well matched with calculated value having little error range within ~ 1 wt %. We estimated HPBIs are 
synthesized like as our expected holey-two dimensional structure. However, other components are not 
matched by trapped oxygen-based impurities such as water because imidazole group have high 
polarity which is strong dipole moment as ~3.06 D.18  
When we compared C/N atomic ratio between HPBIs, HPBI-H has higher atomic ratio value of 3.39 
from EA than HPBI-T value of 2.64. HPBI-H is composed of 5 nitrogens per 10 carbons, if we 
suppose the only one imidazole reaction happen between AB-monomer. On the contrary, 3 nitrogens 
are located beside 10 carbons in HPBI-T case. Therefore, HPBI-H can easily catch a large amount of 
the oxygen-based impurities.  
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Table 2. EA and EDX numerical value of HPBI-T 
 Cacld. (wt.%)a EA (wt.%) EDX (wt.%) 
C 66.05 64.99 65.61 
H 3.39 3.32 - 
N 25.68 24.65 29.01 
O 4.89 8.11 5.37 
C/N 2.57 2.64 2.26 
a Caculation from repeating unit located on table 2. 
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Table 3. EA and EDX numerical value of HPBI-H 
 Cacld. (wt.%)a EA (wt.%) EDX (wt.%) 
C 58.52 57.95 58.01 
H 3.29 2.37 - 
N 27.44 17.08 18.71 
O 10.45 22.37 23.28 
C/N 2.14 3.39 3.10 
a Caculation from repeating unit located on table 1. 
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3.5 FT-IR, XRD and TGA 
The structure of HPBIs is characterized through fourier transform infrared spectroscopy (FT-IR), 
powder X-ray diffraction pattern (PXRD or XRD) and thermogravimetric analyzer (TGA). In FT-IR 
of HPBI-T (Figure 9a), there are strong and broad two peaks at 3370 cm-1 and 3211 cm-1, respectively, 
which are assigned to the amino group (-NH) of edges and hydroxyl group (-OH) bound water. 
Broadening in range from 2400 to 3000 cm-1 is appeared by intermolecular hydrogen bonding by N-H 
of imidazole ring.19 At 1632 cm-1 and 1264 cm-1, these peaks are indicated C=N and C-N stretching 
band of imidazole ring in HPBI-T (Red arrow in figure 9a). HPBI-H is also shown similar C=N and 
C-N stretching band at 1628 cm-1 and 1262 cm-1 with HPBI-T case (Red arrow in figure 11a). 
Although the trends of HPBIs are cognate, here is difference at 3500-3000 cm-1 region due to amount 
of bounded water. This phenomenon is resulted from following reason; the HPBI-H has large amount 
trapped water between interlayer due to high nitrogen content (it is related with EA and EDX data in 
section 3.4).  
Wide-angle X-ray scattering (WAXS) pattern was obtained from powder samples to determine the 
crystallinity of HPBIs. HPBIs are shown similar pattern with broadening each other in figure 9a and 
11a because holey structure was shown scattering about dangling powder samples.11 The highest 
peaks are shown at 24.62° and 26.04° with 3.61 Å and 3.42 Å of d-spacing, respectively. As a result, 
we can expect the HPBIs are stacked like as graphite (like a stacked graphene) with d-spacing of 3.4 
Å between interlayer. Compared between HPBI-T and –H, HPBI-H has narrow width in each peak 
and it is evidence about high crystallinity from well-stacked structure by the large frequency of 
hydrogen bonding of imidazole in smaller pore size. 
To study the pyrolysis and combustion behavior of HPBIs, we measured TGA at from 50 °C to 1000 
°C with the scanning rate of 10 °C /min under air and nitrogen atmosphere. The samples without pre-
treatment showed a broad 5% weight loss around 150 °C causing ejection of bounded water. 
Therefore, we annealed the samples to 200 °C for 10 min in chamber of TGA before measuring in 
every time for outside interrupt. According to experimental data, HPBIs are show the main 
decomposition at 550 and 558 °C, which is related with pyrolysis of imidazole ring, in Figure 10a 
and 12a, respectively because generally imidazole group of linear polybenzimidazole (PBI) have been 
pyrolyze at 580 °C in air.20 There are minor decomposition at 350 °C approximately from edges of 
HPBIs and trapped impurities by high polarity of imidazole in interlayer. It is also become reason 
shifting of main decomposition to low temperature. Like under air atmosphere, there are two 
decomposition steps at around 430 and 710 °C under nitrogen atmosphere in both HPBI-T and HPBI-
H (Figure 10b and 12b). At 1000 °C, char yield of HPBI-T and HPBI-H was 61 % and 49.9 % with 
difference by amount of impurities in interlayers. As a result, We can confirm the thermal stability of 
HPBIs that is well-known as a kind of thermally stable polymer.15b 
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Figure 9. a) FT-IR spectra by pellet composed grinding sample and dried potassium bromide (KBr). 
Red arrow indicated C=N and C-N peaks. b) XRD pattern of HPBI-T. Inset table shows location 
about high intensity area. 
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Figure 27. TGA thermograms was measured after pre-annealing at 200 °C with a ramping rate of 10 
°C/min to 1000 °C. a) in air atmosphere, b) in nitrogen. 
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Figure 11. a) FT-IR spectra by pellet composed grinding sample and dried potassium bromide (KBr). 
Red arrow indicated C=N and C-N peaks. b) XRD pattern of HPBI-H. Inset table shows location 
about high intensity area. 
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Figure 28. TGA thermograms was measured after pre-annealing at 200 °C with a ramping rate of 10 
°C/min to 1000 °C. a) in air atmosphere, b) in nitrogen. 
 
 
 
 
 
 
 
 28 
 
3.6 Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) shows the bulk morphology of the sample by using detection 
of secondary electron which is emitted by atoms excited by the electron beam. To get clear image in 
SEM, the sample should have certain electrical conductivity but the HPBIs have shown large charge 
accumulation while taking image. In that case, electrostatic charge was accumulated on the surface 
and interrupted detection of electron. We coated the HPBIs using platinum (Pt) under vacuum for 30 
sec in sputter to solve such problems. HPBIs are taken a picture from powder of samples on carbon 
tape under vacuum by electron beam of 10 kV. HPBI-T and HPBI-H are a few micro grain sizes and 
stacked with flat layer due to their specific two-dimensional structure (Figure 13and 15, respectively). 
To confirm the distribution of component on surface, we checked the EDX with mapping and 
schematic plot. Because HPBIs have poor conductivity without coating, images are presented easily 
indiscernible (Figure 14a and 16a). The quantitative results are displayed in section 3.5 as well its 
value is related with insert graph in figure 14a and 16a. Although the EDX was detected with 
limitation 1000-3000 ppm from surface, the results are almost same with EA and it derived HPBIs are 
produced uniformly.  
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Figure 29. SEM images of HPBI-T after sputtering with platinum (Pt) for 30s under reduced pressure. 
Scale bar is displayed in picture. 
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Figure 14. EDX mapping data of HPBI-T; a) Scanning image. Insert graph is about quantitative 
component. The mapping spots of b) Carbon (red), c) yellow (oxygen) and d) green (nitrogen). Scale 
bar is 1μm. 
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Figure 15. SEM images of HPBI-H after sputtering with platinum (Pt) for 30s under reduced pressure. 
Scale bar is displayed in picture. 
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Figure 16. EDX mapping data of HPBI-H; a) Scanning image. Insert graph is about quantitative 
component. The mapping spots of b) Carbon (red), c) yellow (oxygen) and d) green (nitrogen). Scale 
bar is 2 μm. 
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3.7 Specific surface area study 
The specific surface area (SBET) of HPBIs was investigated by physically absorption using Brunauer-
Emmett-Teller (BET) measurement under nitrogen at 77 K. The SBET is calculated following equation 
1-3 for multi-molecular layers from BET equation to specific surface area equation 21; 
 
 	[ 
  
 
   ]
=	
   
   
 
 
  
 +
 
   
 
      =
(    )
 
 
    =
      
 
 
where p and po are the equilibrium and the saturation pressure of adsorbates,   is the adsorbed gas 
quantity, c is the BET constant, N is Avogadro’s number, s is the adsorption cross section of the 
adsorbing species. 
HPBIs was measured after pre-annealing under vacuum at 150 °C for 12 h to minimize the effect 
about bounded small molecules such as solvent. HPBIs have strong polarity and 2D-polymers has π-
πstacking by hydrogen bonding between the benzimidazole,12 as a result, to get the good quality of 
value is difficult without any pre-treatment like super critical drier with critical carbon dioxide 
(CO2).
22 However, the trend is quite clear evidence related with other results such as XRD pattern. 
HPBI-T is greater with 10 times than HPBI-H value. Because HPBI-H was well-stacked with graphite 
like-structure, pore is blocked by other layers and pore volume is decreased.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(1) 
(2) 
(3) 
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Table 4. Specific surface area (SSA) obtained using BET measurement 
Sample name 
Surface Area 
(m2/g) 
Pore Volume 
(mL/g) 
HPBI-T 39.19 0.05 
HPBI-H 4.34 0.02 
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3.8 Band-gap calculation 
Band-gap is defined as energy range between valence band and conduction band in insulators and 
semiconductors. However, graphene which is perfect 2D structure without any defects has zero band 
gaps although it has high electrical properties such as high electron mobility.2 To opening the band 
gap of graphene, there are many attempts like following principal routes23; 
(1) Production of narrow ribbons 
(2) Introduction of bilayer structures 
(3) Functionalization chemically on basal-plane 
That is why holey structures can be considered defects of graphene to help the creation of band gap, 
holey-2D structure received attention in electrical application area. Furthermore, the nitrogen of 
imidazole ring play role as a dopant. Likewise many hetero atoms like nitrogen, sulfur, boron was 
used as dopant (a kind of functionalization) for opening band gap on graphene.24  
From density functional theory, the band gaps of HPBIs were shown 2.68 and 3.12 eV, respectively on 
HPBI-T and HPBI-H (Table 5). The higher band gap of HPBI-H was calculated. Because the number 
of carbon atoms per unit cell is increased. This causes a decrease of the band gap. 25 
Experimental band gap was measured generally by optical band gap from ultraviolet-visible (UV-Vis) 
and electrical band gap from cyclic voltammetry (CV). To obtain optical band gap, we prepared 
samples making by stirring of HPBIs in MSA for 4 days. Then, well-dispersed samples in figure 17a 
and 19a were produced because high molecular weight polymer is soluble difficulty in any solvent at 
the short time. We can get the band gap with 2.82 eV and 3.28 eV in HPBI-T and HPBI-H, 
respectively, on the basis of Tauc’s formulation (Figure 17b and 19b).26 Though a degree of the hole 
size which is regarded defects is smaller than HPBI-T, HPBI-H has much higher band gap by well-
stacked layer, interrupt the electron mobility by π-π* stacking 27, related XRD data in section 3.5.  
These trends are shown in electrical band gap from CV. I-V curves are obtained using samples under 
nitrogen atmosphere by 100 mV/s of scan rate on glassy carbon with counter electrode (Pt), and 
reference electrode (Ag/AgCl) in acetonitrile containing 0.1 M tetrabutylammonium 
hexafluorophosphate (TBAPF6). Through CV data, we can calculate the HOMO and LUMO energy 
level of HPBIs according to the following equation (4) 28; 
HOMO	(eV) =	−4.8 −     −
  
      
LUMO	(eV) = 	−4.8 − (    −
  
    ) 
where Fc/Fc+ is the reference energy level of ferrocene. In our studies, ferrocene was shown a 1/2 
peak potential with 0.42 eV and 0.40 eV vs. Ag wire in measurement of HPBI-T and HPBI-H. The 
difference between HOMO and LUMO level is indicated electrical band gap. Based on table 5, HPBI-
T shows 2.86 eV similar with optical band gap. HPBI-H also shows same trends having 3.23 eV with 
error range of around 0.5 eV. Also, these results are very closure with simulated value. 
(4) 
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Table 5. Optical and electrical bandgap included HOMO and LUMO level 
Sample 
Simulated 
value 
UV-Vis Cyclic Voltammetry 
Band gap 
(eV) 
Band gap 
(eV) 
HOMO (eV) LUMO (eV) 
Band gap 
(eV) 
HPBI-T 2.68 2.82 -5.96 -3.1 2.86 
HPBI-H 3.12 3.28 -6.23 -3.0 3.23 
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Figure 30. a) Photograph of HPBI-T in MSA under fluorescent light, b) Tauc’s plot of HPBI-T with 
band gap of 2.82 eV.  
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Figure 18. Cyclic voltammograms in acetonitrile containing 0.1 M TBAPF6 solution with a scan rate 
of 100 mV/s of; a) HPBI-T on glassy carbon electrodes and b) ferrocene under nitrogen. 
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Figure 31. a) Photograph of HPBI-H in MSA under fluorescent light, b) Tauc’s plot of HPBI-H with 
band gap of 3.28 eV. 
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Figure 32. Cyclic voltammograms in acetonitrile containing 0.1 M TBAPF6 solution with a scan rate 
of 100 mV/s of; a) HPBI-H on glassy carbon electrodes and b) ferrocene under nitrogen. 
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IV. Conclusion 
We synthesized two-dimensional holey-polybenzimidazoles (2D-HPBIs) in PPA via condensation 
reaction. Because HPBIs have all-conjugated system through imidazole and benzene ring 
conformation, that is more stable and robust compared with boron based polymer having sp3 bonding 
in molecular. The quantitative component ratio matched on theoretical value by elemental analysis 
and EDX based on repeating unit with error range within ~ 1 wt.%. The two-dimensional structure has 
shown that 2 theta degree of ~ 26 ° the said interlayer distance like in a case of graphite and SEM 
presented bulk morphology of HPBIs included layer structure. Finally, we can calculate optical and 
electrical band gap which are similar with simulated value from UV-Vis and CV. With further 
improvement, they can be applied potentially for variety applications for electronic devices, sensor. 
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하는 자랑스런 딸, 동생, 누나가 될게요. 그 외에도 석사 생활 동안 많은 의지가 되었던 다른 실험실 모든 
분들께 다시 한 번 감사드리며 끝이 아닌 시작이라는 생각으로 더욱 노력하고 정진해 나가도록 하겠습니다.  
